Hepatitis C virus (HCV) protein translation is mediated by a cis-acting RNA, an internal ribosomal entry site (IRES), located in the 5′ nontranslated region of the viral RNA. To examine proteins bound to the IRES, which could include proteins important for its function as well as potential drug targets, we used shotgun peptide sequencing to identify proteins in quadruplicate protein affinity extracts of lysed Huh7 cells, obtained using a biotinylated IRES. Twenty-six proteins bound the HCV IRES but not a reversed complementary sequence RNA or vector RNA controls. These included five ribosomal subunits, nine eukaryotic initiation factor 3 subunits, and novel interacting proteins such as the cytoskeletal-related proteins actin, FHOS (formin homologue overexpressed in spleen) and MIP-T3 (microtubule interacting protein that associates with TRAF3). Other novel HCV IRES-binding proteins included UNR (upstream of N-ras), UNR-interacting protein, and the RNA-binding proteins PAI-1 (plasminogen activator inhibitor-1) mRNA binding protein and Ewing sarcoma breakpoint 1 region protein EWS. A large set of additional proteins bound both the HCV IRES and a reversed complementary IRES sequence control, including the known HCV interactors PTB (polypyrimidine tract binding protein), the La autoantigen, and nucleolin. The discovery of these novel HCV IRES-binding proteins suggests links between IRES biology and the cytoskeleton, signal transduction, and other cellular functions.
Introduction
As many as 170 million people worldwide may be infected by the hepatitis C virus. 1 Infection can lead to hepatitis, which cannot be efficiently cured, and is a major risk factor for liver cirrhosis and hepatocellular carcinoma. [2] [3] Hepatitis C virus (HCV) is a single-stranded RNA virus containing a structured internal ribosomal entry site (IRES) 4 in the 5′-noncoding region of the viral RNA. This IRES mediates cap-independent initiation of translation of the viral polyprotein during virus replication. The HCV IRES interacts with eukaryotic initiation factor 3, 5 eIF2Bγ and eIF2γ, 6 GTP, initiator tRNA and the 40S ribosomal subunit, 7 to form a 43S preinitiation complex, 8 a property that differs from the majority of cellular mRNAs. 9 The HCV IRES recruits this complex to an internal initiation codon in the viral mRNA to form a 48S complex, with the help of cellular transacting factors. Other proteins reported to interact with the HCV IRES include polypyrimidine tract binding protein, 10 the La autoantigen, 11 hnRNP-L, 12 the proteasome subunit PSMA7, 13 and nucleolin. 14 The mechanism of HCV IRES mediated translation, particularly the involvement of host protein factors, remains elusive. A survey of IRES-binding proteins by a riboproteomics approach may provide valuable information for the mechanism underlining HCV IRES-mediated cap-independent translation, and could identify potential drug targets among proteins tightly and selectively coupled to translation of viral mRNA.
Tandem mass spectrometry-based peptide sequencing has revolutionized the analysis of cellular proteins. Microcapillary hplc-tandem mass spectrometry peptide sequencing was initially utilized by Hunt et al., 15 and more recently has been used to identify proteins in complex mixtures, 16 individual protein complexes, [17] [18] [19] interacting proteins for a large number of tagged protein baits in yeast, [20] [21] interactors of novel peptides found in cellular screens of large peptide libraries, 22 for large scale analysis of the yeast proteome 23 and of the nucleolus. 24 This approach has not, to our knowledge, been applied to examine proteins interacting with IRESs.
Here, we extend earlier work on protein affinity extracts 22, 25 to the identification of RNA-binding proteins, and modify our data analysis to include proteins common to two affinity extracts in addition to proteins unique to a single extract. We use the program SEQUEST 26 for database searches, the Oracle database Medusa 22 for comparison to control extracts, and support vector machine calculations 27 to predict correct matches between 13 parameter mass spectrometry data and databasematched peptide sequences. Affinity extracts of the 330 base HCV IRES RNA sequence, a control reversed complementary IRES sequence, and a control 347 base vector-derived RNA sequence, were examined in quadruplicate to ensure reproducibility of the results. Proteins uniquely present in the HCV IRES Mass Spectrometry. A fraction of an affinity extracted complex was run on a 1D SDS-PAGE gel and protein bands unique to the HCV IRES were excised, digested using trypsin 29 and identified by microcapillary LC-MS/MS on an LCQ mass spectrometer (ThermoFinnigan, San Jose, CA). Two blank gel areas were run as controls. The in-gel digests were introduced into the LCQ using a pico-frit column (New Objective, Woburn MA) self-packed with 5 cm of C18 resin. The rest of the affinity extract in 8M urea was heated at 90°C for 10 min., reduced by dithiothreitol and alkylated by iodoacetamide. The solution was diluted to 4M urea and digested with lys-C endoprotease (Boehringer Mannheim, Germany) at 37°C for 12 h; this allows digestion under more denaturing conditions, with potentially more complete proteolysis for some proteins, than under conditions used for trypsin. This was followed by dilution to 2 M urea and digestion with modified trypsin (Boehringer Mannheim, Germany) at 37°C also for 12 h. The peptide mixtures were desalted on an offline 1 mm i.d. × 5 mm microbore C18 guard column (GraceVydac, Hesperia, CA). Half of the resuspended sample was injected onto a biphasic column packed in-house with 4 cm of Polysulfoethyl Aspartamide strong cation exchange (SCX) media (PolyLC, Columbia, MA) and 12 cm of 3 micron particle Aquasil C18 reversed phase media (Keystone Scientific, Bellefonte, PA). Two-dimensional strong cation exchange-C18 reversed phase LC-MS/MS experiments were performed on a quadrupole time-of-flight mass spectrometer (Micromass, Manchester, UK). The affinity extraction experiments were run in quadruplicate and each extract was analyzed separately by 2D-LC-MS/MS to check the reproducibility of the identified proteins. Only proteins that appeared in at least 2 out of the 4 affinity extractions were considered to be specific IRES binding partners. The MS/MS data were analyzed by SEQUEST (ThermoFinnigan, San Jose, CA). All SEQUEST results were exported into the Medusa data system. 22 Medusa summarized the quadruplicate 2D-LC-MS/ MS data, evaluated each peptide identification, subtracted the proteins in the control experiments, and generated a final report including a list of identified proteins, the reproducibility of each protein, other proteins that share the same peptides, and related bioinformatics. The Protein Abundance Index 30 was calculated for each protein as the ratio of the observed number of tryptic peptides to the total observable tryptic peptides, which were derived by in silico digestion of each protein using Protein Prospector (http://prospector.ucsf.edu/ucsfbin4.0/ mssearch.cgi) allowing for oxidized methionine, alkylated cysteine, 2 missed tryptic cleavage sites, and a minimum peptide length of 5 residues.
Support Vector Machine Learning. The SVM computes, for each candidate peptide assignment produced by SEQUEST, the probability that the given peptide generated the observed spectrum. These probablities are computed by first training the SVM, using a separate data set, to discriminate between correct and incorrect peptide-spectrum pairs. In this case, the SVM was trained using 1549 peptide-spectrum pairs predicted by SEQUEST from data on the same type of QTOF instrument from a tryptic sample derived from 45 known proteins. Among the 1549 peptide-spectrum pairs, 1017 are correct matches (i.e., peptides that occur in the sample proteins), and 532 are incorrect matches. Generation of this training set is described in detail. 27 Each spectum-peptide pair is characterized via a vector of 13 features, including properties of the observed spectrum (total peptide mass, charge, total ion current and peak count), properties that compare the observed and theoretical spectra (mass difference, percent of ions matched, percent of peaks matched, percent of fragment ion current matched, SEQUEST Sp score, cross-correlation coefficient) and properties that compare this pair with other pairs in the database (cross-correlation rank, change in cross-correlation relative to the second-ranked peptide, and percent sequence identity relative to the second-ranked peptide). Using this collection of 1549 positively and negatively labeled 13-element vectors, the SVM is trained using the freely available Gist software (http://microarray.cpmc.columbia.edu/gist) to discriminate between correct and incorrect matches. A small portion of the training set (10%) is held out of the initial SVM training and is used subsequently to fit a sigmoid curve to the SVM discriminant values, thereby yielding probability estimates. Finally, to assign a probability to a candidate spectrumpeptide assignment produced by SEQUEST, the trained SVM takes as input the corresponding 13-element vector and produces as output a probability that the spectrum was generated by the given peptide. Figure 1 illustrates the secondary structure of the HCV IRES element employed in the riboproteomics analysis. The HCV IRES contains the HCV genome sequence from nucleotides 20 to 377, that is functional in HCV IRES-driven translation. [31] [32] The IRES contains four domains. The 40S ribosome binds to domains III and IV, 33 while domain II is required for IRES activity and may modulate 40S subunit conformation. 34 eIF3 may bind to domains IIIb and IIIc. 35 The RC-RNA does not possess any IRES activity (data not shown). The 347 nucleotide vector-derived RNA served as an additional control. All three RNA species had a vector-derived 24-nucleotide sequence at their 5′ end that allowed annealing to the biotinylated oligonucleotide HLR-17. Using BlastN 2.2.6, an expectation level of 1000, and omitting the common bases at the 5′ ends, there was no detectable pairwise homology between the HCV IRES, reversed complementary sequence, and vector control sequences. It is possible that the reversed complementary and vector sequences could still have complex RNA structures, but due to the low levels of sequence homology, they likely would be different than the HCV IRES structure. Figure 2 shows a 1D gel comparing HCV IRES, RC-RNA, and vector RNA affinity extracts from lysed Huh7 cells. An affinity extract using only agarose-streptavidin beads served as an additional control. After extraction in Huh7 cell lysate the beads were washed with cold PBS containing potassium and magnesium acetate and the RNAse inhibitor RNasin. Other ionic and divalent cation conditions could be used to explore the protein binding dependence of these variables. All three RNA extracts contained bands not present in the beads-alone control, as well as bands in common, especially above ca. 36 kDa. The HCV IRES extract had a number of unique bands below 50 kDa. These were excised, in-gel digested by trypsin, and identified by LC/MS/MS analysis using a spray tip capillary column ( Table 1 ). The 40S ribosomal proteins S3, S5, S7, S18, p40, and actin were identified as associated with the HCV IRES. Band 3 contained two proteins of very similar size, while band 4 contained one protein of the expected mass of ca. 36 kDa and a smaller ribosomal subunit of 27 kDa. Peptides consistent with -or γ-actin were observed in both bands 6 and 7. It is unclear why actin was identified in two bands, but possible that the differences could be due to the presence of both and γ actin, or a covalent modification 36 of actin. There may be additional HCV IRES-unique bands above 50 kDa that are difficult to detect under these conditions; thus, micro-capillary LC/MS/MS was used to further examine proteolytic digests of each affinity extract. Figure 3 shows the two-dimensional capillary hplc elution of tryptic peptides from a digest of the entire HCV IRES affinity extract from lysed Huh7 cells. Each chromatogram represents elution of one strong cation exchange fraction over the C18 capillary reversed phase column, and is normalized to the ion current of the largest peptide eluted, indicated as the base peak intensity at the right edge of the chromatogram. A total of 7 fractions were eluted. MS/MS spectra from 3591 peptides were collected, representing 1090 unique peptides. While numerous proteins of molecular weight below 50 kDa, such as ribosomal proteins, were observed, other IRES-unique proteins up to ca. 135 kDa, that would be difficult to visualize in the Figure 2 gel, were also identified. Table 2 lists 2D LC/MS/MS-identified proteins uniquely present in the HCV IRES affinity extract. The reproducibility of identification for each protein is listed, as well as the number of unique peptides identifying each protein, and the SVMcalculated probability of correct sequencing for examples of peptides used to identify each protein. The reproducibility of individual peptides varied from a presence in 1 to 4 of 4 extracts. The relative amount of each protein was roughly estimated using the protein abundance index, 30 which is the ratio of the number of tryptic peptides identified here (in this case by SEQUEST) to those that could theoretically be identified using identical SEQUEST search conditions, for example allowing possible met oxidation, cys alkylation, and a maximum of 2 missed tryptic cleavage sites per peptide. In a number of cases, the presence of a larger number of identified peptides correlates with increased abundance of the corresponding protein. On the basis of 13 parameter support vector machine analysis of the peptides listed for these proteins, all peptides had a high probability of a correct match to the SEQUESTselected database peptide used for the identification. Thus, proteins identified by only a single peptide with a high probability of being correctly sequenced should be well identified, as long as the peptide is present in the sequence of that protein and not in other proteins. The reproducibility of occurrence of individual peptides varied from presence in all four affinity extracts to presence in one of four extracts. The reproducibility listed is for identification of the protein and not for individual peptides.
Results
Identified proteins in Table 2 include both expected proteins and novel interactors. In the former category were nine of the twelve known subunits of eukaryotic initiation factor 3, 5 identified by from 3 to 14 peptides for each subunit, and two ribosomal proteins identified as 40S ribosome subunit protein S18 and 60S subunit L29. A number of novel HCV IRESinteracting proteins were also identified. These included RNA binding proteins such as UNR (upstream of N-ras), 37 the type 1 plasminogen activator inhibitor mRNA binding protein PAI-1, and the Ewing sarcoma breakpoint region 1 protein EWS, which contains an RRM RNA recognition motif and a zinc finger RNA binding region. PNAS-125 and the hypothetical protein XP_034431 both contain predicted PINT domains. Several novel proteins that may be connected to signaling Figure 3 . Base peak intensity chromatograms of individual strong cation exchange 2D LC/MS/MS fractions. An affinity extract of the hepatitis C IRES was digested with lys C endoprotease and trypsin, and loaded on a biphasic capillary strong cation exchange/C18 reversed phase column. The first phase was eluted with increasing concentrations of ammonium acetate, and after each step elution an 80 min gradient elution of the peptides off the second (reversed) phase of the column was done. Tryptic peptides eluted off in all fractions but were most abundant in fractions eluting at 100 mM salt or less. In total 3591 MS/MS spectra were collected, representing 1090 unique tryptic peptides. After subtraction of MS/MS spectra in control runs and filtering for peptides present in at least two of four affinity extracts, proteins uniquely present in the HCV IRES extract were identified ( Table 2) .
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functions were also identified, including the UNR-interacting protein MAWD (MAP activator with WD repeats) and the formin homology domain protein FHOS. 38 No hepatitis C virus proteins were detected in the HCV IRES affinity extract. Table 3 identifies proteins common to the HCV IRES and reversed IRES sequence extracts. Overall 69 proteins were identified in several categories, including the known HCV IRES interacting factors, La autoantigen, PTB and nucleolin. In addition to the 9 elongation initiation factors that bind selectively to the HCV IRES, 3 other factors also bind to the reversed sequence. Eighteen additional RNA binding proteins bound both sequences, including 4 polyA binding proteins. Nine hnRNPs, 3 tRNA synthetases, 3 DNA binding proteins, and 30 ribosomal proteins from both the small and large subunits bound both RNAs. The most abundant proteins common to the IRES and reversed complementary IRES extracts included the 3 RNA binding proteins hnRNP E2, CRDBP, hnRNP-U, and the three ribosomal proteins S13, S11, and S9.
Discussion
In this paper, we have examined the interacting proteins of the HCV IRES using in-gel digests of difference 1D gel bands, and 2D LC/MS/MS analysis of quadruplicate affinity extracts. As an initial step, we have compared HCV IRES-binding proteins with proteins binding RNAs of significantly different sequence. We have not addressed the structural basis for interaction of these proteins with the HCV IRES. If proteins binding to other IRESs were compared, host factors specific for individual IRESs might be identified. Although sequence variability of the HCV IRES may not affect translation efficiency 39 or have clinical significance, 40 IRES sequence variants could have different host protein interactions, which could be examined for a correlation with other IRES functions.
In-gel digests and shotgun sequencing of affinity extracts can be complementary for the identification of interactors of a defined protein; 41 here, each method identified unique IRES interactors. The overall picture of the HCV IRES that results from this analysis is of a structured RNA with 90 or more bound proteins, a quarter of which may bind specifically. A number of known IRES binding proteins have been identified, providing a level of validation of this riboproteomics analysis. We have also identified a number of novel HCV IRES-interacting proteins, discussed in detail below, which may suggest new associations between HCV IRES biology and cellular functions. The IRES interacting proteins can be divided into different functional or structural categories, as summarized in Figure 4 . Some identified proteins belong to more than one category, suggesting that these functions may be linked. Interacting proteins identified here may bind directly to the IRES, which might be the case for RNA binding proteins, or may bind indirectly to another IRES-binding entity such as the ribosome or eIF3.
The protein abundance index is thought to roughly reflect the relative amount of a protein that is present. 30 HCV IRESunique binding proteins have relative abundances spanning a 28-fold range. This range may be due to proteins binding to a single complex with a range of binding affinities (allowing weaker binders to be depleted during isolation), or due to the presence of more than one tightly bound complex, with each present at different levels. Different bound stoichiometries may further complicate analysis. Many IRES-unique interactors have relative abundances similar to those of the known HCV IRES binding proteins PTB, La and nucleolin, suggesting they could be present in the same IRES complex or in IRES complexes with similar stoichiometries. Eukaryotic initiation factor 3 is a 600 kDa multisubunit complex that binds mRNA to the 40S ribosome, and binds the HCV IRES stem loop III with a Kd of 35 nM. 35 Nine eIF3 subunits were identified by from 3 to 14 peptides each, and included the most abundant IRES-unique interacting partners. The protein abundance indices for eIF3 complex subunits are in a more restricted 5-fold range, consistent with the possibility they could reside here in an IRES bound complex. Two eIF3 proteins, subunits 6 and p110, contain the PCI or PINT domain, which is also found in components of two other multi-protein complexes, the 26S proteasome and the COP9 complex. This domain is also present in two novel HCV IRES interacting proteins discovered here, PNAS-125, an apoptosis/differentiation related gene, and XP_034431. Neither protein has an assigned function. The relative abundances of the four PINT domain proteins lie within a 2.6-fold range. Our results suggest that these proteins may be part of an eIF3-HCV IRES complex. In-gel digests of difference gel bands revealed a number of 40S ribosomal proteins, which are involved in the translation of HCV proteins. Ribosomal protein S5, present in gel band 3, has been reported to interact with the HCV IRES. 42 Two proteins in HCV IRES-unique gel bands, 40S ribosomal proteins S5 and S3, were also present in the reversed IRES extract when examined by 2D LC/MS/MS, suggesting this latter technique might be more a more sensitive method to examine affinity extracts, and to further evaluate the specificity of the interactions. The eIF3 p44 subunit interacts with the 4.1R protein, which anchors the membrane-cytoskeletal network structure, 43 connecting the cytoskeleton and translation apparatus. The discovery of actin, present in two of the gel bands, also suggests a potential link between translation and the cytoskeleton (Figure 4 ). Actin and tubulin polymerization may be required for HCV RNA synthesis. 44 The FH1/FH2 formin homology domain cytoplasmic protein FHOS was present in the tryptic digest of the entire affinity extract. FH proteins link cell signaling pathways to the actin cytoskeleton, and FHOS is thought to link the cytoskeleton with rho family GTPase signaling. 45 An additional link to the cytoskeleton involves the protein MIP-T3, which binds both tubulin and TRAF3 and recruits TRAF3 to microtubules. 46 These results support direct or indirect interactions between the HCV IRES and the cytoskeleton, but do not assign a function to the interactions.
Several proteins thought to be involved in signal transduction pathways were identified in the HCV IRES affinity extracts. The protein FHOS is discussed above. The UNR interacting protein MAWD was also identified; its overexpression constitutively activates MAP kinase and promotes anchorage-independent cell growth, and it is frequently overexpressed in breast cancer. 47 The HCV core protein is also known to activate MAP kinase. [48] [49] [50] Further work will be necessary to examine the relationship between IRES function, MAP kinase signaling, and HCV-associated liver diseases such as hepatocellular carcinoma. The UNR protein negatively regulates N-ras expression. 51 N-ras controls apoptosis, differentiation, and the cell cycle, 52 and could possibly, along with hnRNP C (below), be linked to the observed cell cycle dependence of HCV translation. 53 These results suggest a further investigation of the role of these identified proteins in HCV IRES function.
We have also discovered in the HCV affinity extract a number of RNA binding proteins, several of which have been discussed above, in addition to ribosomal or eIF3 proteins. Some bind only the HCV IRES, while others also bind control RNAs. One is the UNR protein, which contains 5 cold-shock RNA binding domains 37, 54 and is required for the internal initiation of human rhinovirus RNA translation. 55 The WD-repeat UNR-interacting protein MAWD was also isolated. UNR, UNR-interacting protein, poly (rC) binding proteins 1 and 2, and hnRNP K, all observed here with relative abundances within a ∼3-fold range, stimulate in vitro and in vivo activity of the c-myc cellular IRES, 56 and could potentially play a similar role for the HCV IRES. UNR and PTB, suggested to act in combination as RNA chaperones that change the structure of the Apaf-1 cellular IRES to permit translation initiation, 57 were both observed here with similar protein abundance indices. Other IRES-unique RNA binding proteins observed here do not have assigned functions in IRES systems. One is the Ewing sarcoma breakpoint region 1 protein EWS, which may shuttle from the nucleus to the cell surface 58 and function as a transcriptional cofactor with CBP/ p300. 59 A second is the plasminogen activator inhibitor-1 (PAI-1) mRNA binding protein, which binds chromodomain helicase DNA binding protein 3, and may confer cAMP regulation of PAI-1 mRNA stability. 60 The most abundant RNA binding proteins present (based on protein abundance indices) include poly (rC) binding protein 2, CRDBP, and IGF-II binding proteins 2 and 3. The relative abundances of RNA binding proteins span an ∼18-fold range, making inference of a single type of bound complex difficult.
We have also isolated a large number of proteins that bind both the HCV IRES and a reversed IRES control sequence, suggesting they are not interacting in an IRES structure-or sequence-specific fashion. Nonetheless, some could play interesting roles in IRES biology. The confirmation of HCV IRES binding to the nucleolar RNA binding protein and RNA and DNA helicase nucleolin, which is involved in ribosome biogenesis and control of cell proliferation and growth, 61 is particularly interesting in view of the proposed role of the nucleolus as a gateway for viral infection and site of replication for many viruses including DNA and RNA viruses, and retroviruses. 62 The discovery of a variety of elongation factors, ribosomal proteins, and tRNA synthetases is consistent with the function of the IRES in protein production. HnRNPs are involved in transcription, pre-mRNA processing, mature mRNA transport to the cytoplasm, and translation; a total of 11 different hnRNPs were isolated here. HnRNP K 63 stimulation of c-myc IRES translation was noted above. HnRNP L may enhance the translation of some IRES-dependent mRNAs. 64 HnRNP E2 enhances poliovirus mRNA translation. 64 HnRNP C, also identified here, may modulate c-myc IRES translation in a cell cycle-dependent fashion. 65 HnRNP U, one of the most prominent hnRNPs present, binds the leader RNA sequence of vesicular stomatitis virus, and may play a role in the life cycle of this virus. 66 Their identification here as interacting proteins for the HCV IRES suggests these hnRNPs could play similar roles for HCV.
Conclusions
The application of mass spectrometry-based shotgun peptide sequencing to quadruplicate hepatitis C IRES affinity extracts has confirmed the identification of a number of known HCV IRES interacting proteins, and has significantly expanded the number and types of proteins which interact with this functional RNA. Some identified proteins binding the HCV IRES, but not control RNAs, are known to bind to other cellular or pathogen IRESs, whereas others have not to our knowledge been reported to bind to any IRES. A large number of proteins were identified that are less specifically bound, but which could still have interesting roles in HCV IRES biology, such as nucleolin. This IRES binds proteins in several defined functional classes. Some proteins are members of more than one functional class, suggesting a possible linkage between these functions. This expanded view of cellular interacting proteins suggests new cellular functional areas that might be involved in IRES biology. Further examination of the coupling of some of the identified proteins to IRES function or HCV replication, by overexpression or by specific deletion of individual proteins using siRNA, may identify drug targets for hepatitis C. The "fingerprint" of interacting partners derived here may be useful for further comparisons, for example between the HCV IRES and other pathogen or host cell IRESs, or between different HCV genotypes, to examine the relation between differences in function and changes in cellular interacting proteins.
